This research proposes a suite of volcanic events that took part in the edification of the double-peaked Hasandağ stratovolcano in southern Cappadocia. Inter-correlations of sections dispatched along geographic transects across the volcano evidence continuities/discontinuities and stratigraphic relationships using key layers identified through this process which is, later, framed by a radiometric dating control of some of these formations. The main goal is to provide some chronological markers of the geomorphological evolution of the volcano. The stratigraphy, lithology and facies, the landform definitions and new dates provide information about eruption types and their role in shaping the morphologies of the volcano through time. Recent ages from literature and seven new K/Ar dates contribute in enriching the story of the volcanic activity that built the Hasandağ stratovolcano landforms. The part of the story exposed in this article starts mainly c. 700/650 ka ago with the construction of a Mid-Pleistocene volcano. Later, between 220 and 120 ka ago, main events occurred in the NE part of the volcano. After an initial Plinian eruption, a caldera collapse is recorded by pumice flows. Close to the emission point, a small collapse structure is today filled with a much younger dacite flow. After the Plinian eruption, the partial destruction of a volcano caused one or two avalanches containing several meters-thick distinct blocks that flew north c. 16-18 km over the roof of the Cappadocian Miocene ignimbrites. Remains of the destructed volcano flanks are not visible. Either they are buried below younger lava flows forming the Küçük Hasandağ cone, or a seism in the Tuz Gölü Fault Zone during the avalanche may have resulted in an explosion. This event was followed by extrusion of rhyolitic domes positioned on the caldera rim, emitting pumice falls now filling-in the Güvercin valley stream down to Ihlara village. During Late Pleistocene emission of andesite and dacite flows and domes, accompanied by several pyroclastic flows formed today's terminal cones of the stratovolcano.
Introduction
The double-peaked Hasandağ stratovolcano in southern Cappadocia (Central Anatolia: Fig. 1 ) reaches 3253 m a.s.l. (above sea level) (Büyük Hasandağ: BHD) and 3069 m a.s.l. (Küçük Hasandağ: KHD). Its international fame is partly founded on a painting on an adobe house wall in the Neolithic site of Çatalhöyük in the Konya plain, 120 km SW of the Hasandağ, attributed to this volcano. This hypothesis was proposed by Mellaart (1967) , with a date corresponding to the building of the house, i.e. 6600-6400 . The strong suspicion for such a recent occurrence of explosive eruption in the Hasandağ is now supported by an 8.97 ± 0.64 ka date (U/Th-He ages from zircon grains) obtained from a pumice fall identified at the rim of the BHD crater . Since the 1990's, it has been subject to several and increasingly detailed Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4299 0-019-00017 -1) contains supplementary material, which is available to authorized users. geologic, geochemical and chronological studies (e.g. Ercan et al. 1992; Aydar et al. 1995; Notsu et al. 1995; Aydar and Gourgaud 1998; Deniel et al. 1998; Kuzucuoğlu et al. 1998; Pastre et al. 1998; Türkecan et al. 2003; Schmitt et al. 2014; Reid et al. 2017; Doğan-Kulahcı et al. 2018) . Most collected data evidence the important geomorphological role played by pyroclastic deposits during the Hasandağ edification. Such deposits are indeed responsible for many of the landscapes in the whole massif. Since 1998, new dates obtained from the volcano and its surroundings produce a chronology (produced mainly by basaltic and andesitc rocks) produce Midto Late Pleistocene key-formations framing activity/events that occurred before/after the formation dated. Using these new dates (e.g. Aydın et al. 2014; Schmitt et al. 2014; Doğan-Kulahcı et al. 2018 ; this study) and together with stratigraphic reconstructions and content of some pyroclastitic deposits, we intend here to re-evaluate the geomorphological evolution of the Hasandağ (Emre 1991) . Aydar (1992) and Aydar and Gourgaud (1998) published a geological reconstruction of the edification phases of the Hasandağ based on very detailed examination of units Fig. 1 Regional setting of the Hasandağ stratovolcano. a Spatial distribution of Pleistocene volcanic massifs in south Cappadocia. Violet is for basaltic and basaltic andesite fields and massifs; Pink is for rhyolitic massifs; Yellow is for stratovolcanoes. b Location of sections studied in the Hasandağ volcano. Squares and numbers distinguish sections used for setting chronostratigraphic profiles in three parts of the volcano, with: the southern part (white squares: see Fig. 12 ), eastern part (yellow squares: see Fig. 15 ) and northern part (blue squares: see Fig. 19 ). Red squares are for dates available through profiles. c Villages and towns in the Hasandağ (small and large squares, respectively). Summits of the stratovolcanoes are indicated by triangles (facies, minerals, petrography, mineralogy and stratigraphy) . This reconstruction is the most important reference in geological papers on the Hasandağ after 1998. In 1998 also Pastre et al. published a tephrochronologic study of the pyroclastic deposits accumulated and eroded north and northeast of the volcano. Since then, publications have enlarged our knowledge about the compositional series (from basalt to rhyolite) forming the volcano (e.g. Deniel et al. 1998; Aydın et al. 2014; di Guiseppe et al. 2018; Doğan-Kulahcı et al. 2018; Rabayrol et al. 2019 ) and also about their chronology (e.g. Kuzucuoğlu et al. 1998; Aydın et al. 2014; Schmitt et al. 2014; Reid et al. 2017; Doğan-Kulahcı et al. 2018) . Results show that the most common products in the Hasandağ are andesites and dacites, which have been emplaced contemporaneously. Basalts are found as monogenetic vents (cinder cones and maars), lava piles (older activity), and lava flows (more recent activity). The older volcanics have tholeitic affinities, while the younger ones are mainly calc-alkaline, with the exception of 3G basalts, which are sodic alkaline basalts . Young nuées ardentes covering half of the entire stratovolcano are related to the growth of domes on KHD and BHD. The KHD related units are exposed on the southern flank of KHD where they encircle the western flank of a lava dome. The summit area of BHD is encircled by at least four nuées ardentes recording as many different collapsed domes.
Volcanological and chronological background

Volcano edification phases
At the SW foot of the Hasandağ, the Keçikalesi volcano has been dated to 13.7 ± 0.3 Ma and 12.4 + 0.6 Ma (Besang et al. 1977) (Table 1) . This edifice predates the oldest ignimbrite of Cappadocia (c. 10 Ma in Aydar et al. 2012 ) and the oldest units attributed to the Hasandağ (7.21 ± 0.09 Ma in Deniel et al. 1998) . At its summit, landforms testify for a collapse, which destroyed the top of the edifice. The latest units of the Keçikalesi volcano are covered by units emitted by the Hasandağ, which have been dated 520 ± 10 ka by Reid et al. (2017) . After this first episode, the volcanological evolution of the younger Hansadağ has been resumed by Aydar (1992) and Aydar and Gourgaud (1998) in three phases of construction/destruction alternations called the "Paleo-", "Meso-" and "Neo-Hasandağ" stages. At the end of each stage, emission of large volumes of volcanoclastic deposits provoked the destruction of the former edifice. Meanwhile, three generations of basaltic activity in the close vicinity around today's volcano have been contemporaneous with each evolution stage of the main volcano.
The Paleo-Hasandağ is defined by Aydar and Gourgaud (1998) on the basis of units overlying the Keçikalesi lavas and mound at two locations: (1) west of Dikmen village in the western flanks of the modern Hasandağ, the incision of a stream flowing westwards deeply erodes lava piles, sub-aphanitic basaltic andesite lava flow K/Ar dated to 6.31 ± 0.2 Ma (Aydar and Gourgaud 1998) (Figs. 1, 2) ; (2) west of Taşpınar village, the pink "Taşpınar ignimbrite" has been dated to 7.21 ± 0.09 Ma (Deniel et al. 1998) (Table 1) (Figs. 1, 2) . Both these ignimbrites record a caldera collapse (no 1) while the proximal facies of the 15 m thick lahars associated to them suggests a relationship with the caldera formation. On map Fig. 3 , the "Taşpınar ignimbrite" is erroneously attributed to the Gördeles ignimbrite, which has no obsidian clast (dated to 6.3 Ma in Aydar et al. 2012 ). On the field, the Taşpınar obsidian-rich ignimbrite described by Aydar and Gourgaud (1998) is related to a more local activity of the Hasandağ that does not belong to the Gördeles ignimbrite.
After Miocene, two volcanoes in the area present Pliocene activity: the Melendiz and the Şahinkalesi Tepe, respectively located to the east and north of the Hasandağ (Dönmez et al. , 2005 Türkecan et al. 2003; Türkecan 2015) , (Fig. 1 ). Early Pleistocene ages have been reported south of the Hasandağ in the Kütören/Eğrikuyu basaltic cluster (ages from c. 2.57 Ma to c. 1.23 Ma: Reid et al. 2017 ) and in the Göllüdağ rhyolitic complex , but not in the Hasandağ (Fig. 2 ). This date distribution shows that the basaltic Eğrikuyu cluster cannot be considered as part of the proper Hasandağ edifice, even though the later activity of the Eğrikuyu cluster overlaps that of the Hasandağ.
The Meso-Hasandağ phase is recorded by two eruptive sequences, corresponding to chemically and mineralogically distinct magmas . Both sequences are composed of ignimbrites associated with airfall deposits accompanying collapses, while the northern part of this volcano is deformed by the NW-SE trending Tuz Gölü Fault Zone (TGFZ). In the NW part of the BHD, the first sequence is composed of two distinct pyroclastic tongues formed by pumice flows and falls-out associated with caldera formation no 2. The second sequence, located in the NNE part of the KHD, corresponds to a Plinian eruption associated with the final Meso-Hasandağ caldera collapse (caldera no 3 in Aydar and Gourgaud 1998) . This sequence is also studied in detail in Pastre et al. (1998) . Aydar (1992) and Aydar and Gourgaud (1998) dated this phase as older than 700 ka ago. This date is the age of an obsidian rhyolitic dome outcropping on the northern flanks of the BHD. New dates from basaltic lavas that form a basement to the Meso-Hasandağ sequences lead to reconsider this chronology. In the area where the NW part of the Keçiboyduran volcano meets the NE part of the KHD, a basaltic basement has been Ar/Ar dated near Kitreli village to 654 ± 24 ka (south of Mahmutlu cone: Aydın et al. 2014) , and 543 ± 12 ka under the Kitreli cones (K/Ar age: Doğan-Kulahcı et al. 2018) . Both basements pertain to the Keçiboyduran volcano that rises close to the Hasandağ in this area (Figs. 2, 3) . They also form the basement of several, eroded Strombolian cones blanketed by pumices. The Keçiboyduran is said not to have emitted rhyolitic products . However, between the Hasandağ and the Keçiboyduran volcanoes, rhyolitic lavas of domes have been Ar/Ar dated to 530 ± 50 ka and 447 ± 37 ka (Aydın et al. 2014) ( Fig. 2) , while pumice falls at the Belbaşhanı Pass quarry close to these domes have been dated to 349 ± 55 ka (Aydın et al. 2014) . The same team (Sönmez et al. 2018 ) suggest that the rhyolitic products dated at Belbaşhanı Pass do not pertain to the Keçiboyduran, by drawing a map excluding them from the Keçiboyduran system. At the southern foot of the KHD, Aydın et al. (2014) Ar/Ar dated 490 ± 47 ka the Moğal basaltic volcano, which belongs to a basaltic belt emplaced at the southern foot of the KHD. This date confirms the contemporaneity of rhyolitic and basaltic activity also in the KHD. In turn, in the NW part of the BHD, a K/Ar age of 520 ± 10 ka (Reid et al. 2017 ) from a basaltic lava flow covering the northernmost remains of the Miocene Keçikalesi volcano may pre-date the Meso-Hasandağ first sequence, but no connection between the pyroclastic sequence and the basaltic lava dated over the Keçikalesi volcano can be established ( Fig. 4 ). In addition, north of Karkın village at the northern foot of the BHD, Reid et al. (2017) also K/Ar dated to 370 ± 10 ka the basement over which the Late Pleistocene Karataş basaltic field emplaced (Table 1 ; Fig. 3 ).
As noted above, it is difficult to consider the Eğrikuyu cluster ( Fig. 1a ) as pertaining to the Hasandağ stratovolcano. However, Mid Pleistocene dates (Table 1) also occur in alkaline basalts, trachybasalts, calc-alcaline basalts and basaltic andesites emitted by monogenetic volcanoes K/Ar and Ar/Ar dated to between 600 and 400 ka (Olanca 1994; Notsu et al. 1995; Reid et al. 2017; Doğan-Kulahcı et al. 2018) , while Reid et al. (2017) have dated to 210 ± 30 ka one of the Strombolian cones.
In conclusion, new dates suggest that the starting epoque of the Meso-Hasandağ phase may have occurred c. 700-650 ka in both the KHD and the BHD, and that it lasted until c. 450 ka in the KHD, and until c. 350 ka in the BHD.
The Neo-Hasandağ
The Neo-Hasandağ phase corresponds to the emplacement of monogenetic rhyolitic domes accompanied by nuées ardentes and rhyolitic pumice flows, and to andesitic dome-coulées and basaltic Strombolian cones pertaining to an activity dated c. 120 ka ago and younger.
East of the KHD, one of two Strombolian cones north of Kitreli (north of the Belbaşhanı Pass) has emitted a trachy-basaltic lava Ar/Ar dated to 224 ± 21 ka (Aydın et al. 2014) . Near Belbaşhanı Pass at the bottom of the KHD eastern flanks, an andesitic flow emitted by the KHD Northwest and north of the BHD, a dense group of Strombolian volcanoes, the Karataş basaltic cluster, also formed during this phase (Figs. 1a, 3) . Dates from this group span from 120 ± 20 ka (Notsu et al. 1995) to 15 ± 5 ka (Doğan-Kulahcı et al. 2018) (Figs. 1, 4) . More than ten dates from this cluster can be found in Türkecan (2015) , Ercan et al. (1990) , Notsu et al. (1995) , Aydar and Gourgaud (1998) Fig. 4 ). The location of this cluster suggests the displacement of basaltic activity outside the volcano toward the north and northwestern direction.
Inside the BHD, dacitic lavas forming the northern rim of today's BHD crater have been K/Ar dated to 33 ± 2 and 29 ± 1 ka (Kuzucuoglu et al. 1998), and Schmitt et al. (2014) produced a 28.9 ± 1.5 ka U/Th-He age from zircon grains sampled in a pumice fall deposited over the southern upper flanks of the volcano (Fig. 4) . Meantime, several basaltic edifices concentrated in the E-W oriented Karacaören valley at the western foot of the volcano. While the oldest flow there has been dated to 80 ± 5 ka (Ercan et al. 1990 ), lava from a fresh Strombolian cone has been dated to 20 ± 10 ka by Notsu et al. (1995) , and another lava flow has been K/Ar dated to 2 ± 7 ka NW of the village (Doğan-Kulahcı et al. 2018) .
Regarding the Holocene, Schmitt et al. (2014) report an andesitic pumice fall-out sampled within the BHD crater and dated to 8.97 ± 0.64 ka (U/Th-He ages from zircon grains, and Aydar and Gourgaud (1998) report a dome in the caldera that is younger than 6 ka. Finally, NW of Dikmen village on the western flanks of the BHD, an andesitic dome-coulée is dated 0 ± 3 ka ). Today, the dormancy of the BHD volcano is supported by evidences of fumaroles, hot-grounds and water vapour observed and measured above 2250 and 3000 m a.s.l. by Diker et al. (2018) , with specific concentrations between 2800 and 3000 m a.s.l. ).
Methods
Fieldwork and mapping
Fieldwork consisted in studying stratigraphy and facies of pyroclastic deposits in sections distributed along three transects through the volcano that correspond to a subdivision Dönmez et al. 2005) . As a few contours and outcrops are still under discussion, the authors decided not to change the original drawing reproduced here as it is published of the volcano in three areas: south, east and north ( Fig. 1b ). Transects evidence local volcanic successions, which are correlated along each transect after fieldwork. Morphogenetic events indicated by facies and stratigraphy have been associated, when possible, with results from literature and data from laboratory analyses. In a third step, the absolute chronology is attributed to units, if available.
Geomorphological drawings were carried out using topographic maps and previously published geologic maps (i.e. Aydar and Gourgaud 1998; Şenel 2002; Dönmez et al. 2003 Dönmez et al. , 2005 Kopar 2010; Sönmez et al. 2018) , geomorphologic maps (i.e. Emre 1991; Pastre et al. 1998; Kuzucuoğlu et al. 2013 Kuzucuoğlu et al. , 2019 Mouralis et al. 2019b) , and results from fieldwork. The legend is inspired by that of Boivin et al. (2017) , which distinguishes geology, landforms and chronology. As a result, the legend of the geomorphological maps proposed at the end of each transect presentation is organized according to the phases of volcanic construction and destruction associated to transects. In these maps, colours are attributed to groups of ages, while symbols evoke rock and formation families and, sometimes, processes. K/Ar dating K/Ar dates have been obtained on seven basaltic to rhyolitic lavas from flows and domes chosen on the basis of their importance for chronostratigraphy (Supplementary material no 1). All samples were dated using the unspiked K-Ar technique described by Charbit et al. (1998) . Both K and Ar measurements were performed on the microcrystalline groundmass of lava samples since the groundmass is considered to be representative of the phase that crystallised during the solidification of the lava. Rock samples of approximately 500 g were crushed and sieved to 125-250 μm. The samples were then ultrasonically washed in an acetic acid (1 N) bath at 60 °C for 45 min. Successive magnetic and densitometric separations were used to remove phenocrysts (potential carriers of excess 40 Ar) from the groundmass, using the procedure and comments detailed in Guillou et al. (1998) and . Samples were then carefully rinsed with acetone and dried. The homogeneity and freshness of the groundmass aliquots were then checked via microscopic inspection. For a further detailed description of the methodology used in the dating, and for comments about the results, see and Supplementary material no 1.
Fig. 4 Late Pleistocene and Holocene dates in the Hasandağ volcano
Analyses of pumices from pyroclastite deposits 17 pumice blocks and/or sand have been samples for a specific analytic line directed to microprobe analyses (samples are listed in Supplementary material no 2). After crushing whole pumice, sieving was performed in order to allow the picking-up of fresh glass shards and plagioclase minerals under the binocular microscope. The selected grains were embedded in epoxy for further polishing before analyses with the WDS (Wavelength Dispersive Spectrometry) Castaing Electron Microprobe of the Camparis Laboratory at Paris 6 University. A Cameca SX 100 was used with the following analytical conditions: 15 keV, 10 nA, beam defocalised at 10 μm (see description of protocol in ). This procedure, based on punctual geochemical analyses of selected single glass shards from one sample, allows trustful correlations between tephras because they concern only glass shards. For 12 samples, 5-14 glass grains have been analysed in order to allow statistical correlations. Only one glass grain has been analysed in the five remaining samples, meaning that more analyses should be performed in order to reach the same confidence in the results than for the other 12 samples. In addition, analyses of single feldspar grains were performed in several samples.
Whole-rock chemical analyses
Geochemical characterization of whole rocks has been performed for 44 samples (listed in Supplementary material nos 3, 4). Major elements were measured in solid lavas and pumices from ignimbrites and falls using ICP-ES in the ACME Analytical Laboratories (Ankara). These samples have numbers ending with K or starting with HS-10 (Supplementary material no 3). Analyses of pumices from inside pyroclastic formations aim at being correlated with microprobe analyses to provide complementary data eventually necessary for their chemical characterization.
Results
Several types of pyroclastic deposits mantle the slopes of Hasandağ, giving to the volcano its remarkable conic and iconic shape when looking at from the southwest and west. These pyroclastic deposits suggest wide-scaled emissions related to important eruptions. Pyroclastic deposits retain much attention here because they are used as stratigraphic key in reconstructing suites of volcanic events. Several sheared contacts and sliding deformations accompany debris mixed within avalanches, especially when the deposits are 
Pyroclastic deposits encountered in the transects
Pyroclastic deposits are very common in the Hasandağ, where they testify for important destruction and constructive events. Within debris identified in the Ihlara avalanche as well as in some remains located on the BHD southern flanks, phreatomagmatic eruptions (maars preceding cones or domes or not) are indicated by surges and ring deposits. Pyroclastic deposits include lahars, nuées ardentes (block and ash flows) and volcanic avalanches (composed of small to huge blocks that were once parts of flanks of a volcano) Lahars are not frequent on the Hasandağ. When observed (e.g. near Yenipınar Yaylası north of the KHD), they contain well-rounded blocks of different petrography, associated with sub-rounded to angular clasts mixed with a heavy load of sand. The richly pyroclastic particulates loaded are eventually organized as a fluvial-type deposit (Fig. 6d ).
Nuées ardentes are composed of a mixture of volcanic very hot gases, ash and blocks of various sizes running at very high speed down the slopes of the volcano over which they spread widely (Freundt et al. 1999 ). These deposits result mostly from collapse and fragmentation of volcanic domes (Schmincke 2005) (Fig. 7d ). On Hasandağ, they are numerous. Emitted by domes (including domes-coulées) during their emplacement, they contribute for a large part to the construction (in volume as well as in landforms) of the volcano.
Volcanic avalanches are structural collapses formed when an unstable slope collapses, producing debris transported away from the slope (Figs. 5, 6e ). Two avalanches are identified in the Hasandağ (the Ihlara and Helvadere avalanches: Figs. 5, 8 ). According to Francis (1993) , their large scale indicates that the slopes at the time of the event were steep. These events evoke the one that occurred during the eruption of Mount St. Helens (USA) in 1980, when an unstable bulge generated by magma injection caused when an earthquake occurred, a fast-moving debris avalanche (Francis 1993) .
Ignimbrites in the Hasandağ contain blocks of pumices of various sizes mixed (or not) with lithics and, possibly, a very poorly sorted mixture of volcanic ash. Being loose and unconsolidated, the ignimbrites are commonly called in this paper "pumice flows" (Fig. 7a, c) .
Pumice falls consist of one or several pumice layer(s) composed of blocks (Fig. 8) , the sizes of which vary with the distance to the vent and the dispersion dynamics of the fall. Pumice blocks are mixed with sand-sized pumice matrix. Found mainly in the NE area of the KHD and along its eastern side, ash pumice falls are also found on top of sequences (Ihlara) or preserved within coarser deposits (Karkın). Pumice falls associated with pumice flow record the collapse of the top of a volcano (Fig. 6a, b ). Kuzucuoğlu. a1, a2, a3 . Pumice flows (unwelded ignimbrites). From transect south of Büyük Hasandağ (Fig. 12) ; b Nuée ardente (Block and ash flow, "where the person stands"), overlain by the first series of pumice falls (eroded on top). This series forms the base of the Balbaşhanı sequence. From transect east of the Küçük Hasandağ (Fig. 15 ); c Taşpınar ignimbrite (pink, with marekanite, i.e. round obsidian clasts). From transect south of the Büyük Hasandağ (Fig. 12) ; d Lahar. From transect south of the Büyük Hasandağ (Fig. 12) 
Dating results
Seven samples have been K/Ar dated in the frame of this study. Age results are detailed in Table 2 and their location is plotted in Figs. 1, 2 The NW edge of Kılıç Tepe dome is also buried below a younger andesite flow.
Results from microprobe analyses of pumices
Pumices in the Hasandağ are generally crystal-rich, with high amount of amphiboles (a characteristic related to the Meso-Hasandağ volcano collapse driven eruptions (Aydar 1992; Deniel et al. 1998) . Regarding the characterization of glass-forming sampled from pumice flows and falls, microprobe analytical results are given in Supplementary material no 2. These results, replaced in a "total alkalisilica" (TAS) diagram, show that the studied pyroclastic deposits belong to the field of rhyolite (Fig. 10a) . The chemistry of the feldspars found in some of these deposits has also been investigated. All samples studied belong to the plagioclase group (oligoclase, andesine, labradorite; i.e. An 20-60%) (Fig. 10b ). (Supplementary material no 3) . The most common rocks are basaltic andesites, andesites and dacites, which form lava domes and domes coulées associated with a large spectrum of pyroclastic deposits widespread around today's edifice. The results confirm that the Hasandağ volcanics have a wide geochemical distribution from basalt to rhyolite (Fig. 11 ). While confirming volcanological analyses and interpretation in Aydar and Gourgaud (1998) , these results contribute to defining the rocks forming lava flows or pyroclastic deposits used in the reconstructions.
Results from whole-rock geochemistry
Stratigraphic successions of units defined by their facies and contacts
Sections studied during fieldwork are aligned along three paths through: (1) the southwestern to the southern part of BHD along a W-E route;
(2) the eastern part of the KHD along a S-N route; and (3) the northern part of the Hasandağ, along a SW-W-route.
The southwestern part of the volcano
The profile illustrates Quaternary formations covering remains of the Miocene Keçikalesi volcano (Figs. 3, 12, 13, 14) . The stratigraphy starts with the pink ignimbrite containing obsidian marekanite dated to 390 ± 5 ka (Fission-track: Bigazzi, cited by Ercan et al. 1992 ) ( Fig. 7c ; Table 1 ). This pink ignimbrite also occurs at the basis of the volcanic accumulations at the western slopes of BHD although it does not outcrop on the surface but was observed. In the southwest and south of the volcano, five pyroclastic deposits cover the ignimbrite:
1. A nuée ardente (Fig. 9d) , followed by a period of volcanic quiescence recorded by the development of a 80-90 cm thick palaeosol, itself followed by a phase of fluvial erosion and deposition. 2. A rhyodacitic pumice flow (HAS 11/26) containing no obsidian and poor in biotites, is emitted in the Uluören area (Figs. 2, 3, 9a ). After flowing in direction of Karakapı village, it turns SW to the south of the Keçikalesi volcano (Fig. 14) . 3. A second quiescent period is recorded by a palaeosol.
The volcanic activity re-starts with ground surges followed by a second nuée ardente that covers the whole sector. The base of the unit reworks a few elements formed of the previous units (pink ignimbrite, palaeosol, obsidian clasts). The matrix contains pumices very poor in biotites, i.e. very different from the previous pumice flow unit. After deposition, the series has been partly eroded by streams. 4. A local basaltic activity produced scoriae deposits featured at Point 6 on Fig. 12 . 5. Finally, dacitic lava flows (HAS 11/38, 11/41, 11/76 and 11/78) are emitted by the BHD on its southern flank. The highest of these flows is dated to c. 0 ka in Table 2 (sample HAS 11/38: Fig. 16d) , with comments in Supplementary material no 1.
The eastern part of the KHD
The profile extends from the southeastern foot of the volcano north to the Ihlara village (Fig. 15 ). South, dome-coulées occur mid-slope, while the Moğal-Kızıltepe local basaltic field extends W-E and S-N at their foot. From south to the northeastern slopes of the KHD and along with the limits between the Keçiboyduran and KHD volcanoes, large amounts of pyroclastic deposits record a suite of eruptions (Figs. 6, 16a, b ). At the pass between both volcanoes (Belbaşhanı Pass: 1897 m a.s.l.), pyroclastic deposits flowing north are distinct from those flowing south. At the Pass, the stratigraphy of these deposits (Figs. 6, 15 ) starts with a nuée ardente (collapse of an extruded lava dome) overlain by a first series of pumice falls (HAS 47, 52, 49, 48, 51) , a white pumice flow (HAS 69) followed by a pinkish pumice flow with no obsidian. These formations record the collapse of a caldera (Figs. 16c, 17) . With a 65.80-67.53% SiO 2 content, pumice samples taken from the "Kitreli pumice flow" and associated fall-out deposits around Kitreli village to the east of Hasandağ (67.53%-67.50% in SiO 2 in 10-HAS-18 and HAS 11/44: at Belbaşhanı, respectively), present a dacitic composition significantly different from that of the ignimbrites south of the volcano (64,29-65,69% SiO 2 in HAS 11/37, 10 HS 13, respectively) and west of the volcano (64.39% SiO 2 in HAS 11/20) (Supplementary material no 3) . The "Ihlara debris avalanche" occurs after the collapse (Figs. 5, 17, 18 ). This flow originates from a structural rupture in the flank of an edifice whose remains -unseen today-are either obliterated/buried by impacts or formations related to younger activity in the same area, or have exploded since. According to Francis (1993) , a volcanic explosion can be triggered by a decrease in pressure caused by an avalanche. The thickness of this formation increases quickly downslope (up to several meters at Belisirma village, c. mi-distance from the source to the end limit of the avalanche c. 18 km north of the volcano). Its facies exhibits large blocks made of all kinds of basaltic to rhyolitic rocks and tephras, including blocks of nuées ardentes, of basaltic scoriae, of pumice flows etc. floating in a volcanic sandy mixture of clasts, grains and ash (Figs. 5, 8 ). This formation is responsible for the hummocky surface of the glacis formed north of the volcano by the preceding pumice falls and flows (Fig. 18) .
A second series of Plinian pumice falls cover the avalanche. They cover an area widening northward (Figs. 17, 18) . The stratigraphy evidences several phases of eruptions separated by quiescent phases during which rather thin (10-30 cm thick) palaeosols developed. After these eruptions, stream erosion incised all deposits, reaching at places an old basalt outcropping at the base of the riverbeds NW of Kitreli village. Afterwards, the cone of the KHD formed by the piling up of several dacitic lava flows (Fig. 17) .
The western to northern slopes of the BHD
Transect from SW-W to NW of the volcano along the northern slopes of the BHD shows alternating stages of lava flows, dome extrusion, and pyroclastic deposits (ignimbrites, nuées ardentes, avalanche) (Fig. 19) . The profile also evidences two distinct sectors on both parts of the NW-SE oriented TGFZ (Fig. 1b) . In the western part of the profile, a differentiated ignimbrite (sample HSD11/10b at Point 1 in Fig. 19) is the same as the basal pink ignimbrite with marekanite observed along with the southern profile (Fig. 7c) . The colour is reddish and obsidian clasts are present within the lithics. This ignimbrite precedes the extrusion of at least two dacitic domes observed at Points 1 and 5 of Fig. 19 (samples HAS 11/08; HS 10 3, respectively). At Karkın (Point 5), the dome is covered by thick orange-coloured pumice sands presenting no internal structure but interrupted by a white ash layer. Besides, four nuées ardentes indicate explosive eruptions related to dome extrusion (Figs. 19, 20) . These pyroclastic flows overlay the dome-coulées. In the westernmost area, the surface of the oldest pyroclastic deposits is deeply incised by streams.
In the eastern part of the profile, a zone is intensely deformed by the activity of the TGFZ critically crossing the village of Helvadere. In sections, several severe shearing lines disintegrate various pyroclastic deposits as well as some lake sediments. Among these are two pumice flows, one grey and one white (HAS 11/04 K) described by Aydar and Gourgaud (1998) . Emitted south of the village and flowing northward, the white pumice flow extends in direction of Karkın. Around and south of Helvadere, sections exhibit avalanche mixing blocks of yellow sands from Karkın, white pumice flow from Helvadere, and pink pumice flow too. Outcropping north and northeast of Helvadere village in direction of the tectonic basin of Yuva where it is still seen (Fig. 8) , it may be part of the Ihlara avalanche although no connection of both was identified on the field. At Helvadere, the avalanche is covered by nuées ardentes emitted by a nearby dome-coulée emplaced after the Ihlara avalanche. At Yuva, the avalanche outcrops on the western faulted scarp of the basin (Fig. 8) . At this location, the avalanche is overlain by the nuées ardentes (Figs. 19, 20) that flew from the Karkın area. Between Karkın and Yuva, this pyroclastite is fossilized by products emitted by Mahmutlu Strombolian cone, dated to c. 80 ka (Türkecan 2015) (Table 1) . 
Discussion
As of today, there is no date in the Hasandağ older than 550 ka (Fig. 4) , apart from pyroclastic formations dated to Late Miocene in Aydar and Gourgaud (1998) and Deniel et al. (1998) , and a 700 ka rhyolitic dome in Aydar and Gourgaud (1998) . For a long time, the difficulty to obtain a date from rhyolitic pyroclastites, which compose many of the outcrops in the Hasandağ, explains the absence of a chronology of dome emplacements and caldera formations in the stratovolcano and neighbouring volcanoes. Establishing a chronology thus depends on datable layers related to undatable layers, e.g. basaltic lavas and palaeosol (when younger than c. 30 ka). Today, dating using zircons allow considerable progress on this subject, but this method remains still rare. Based on the study of the three geographic transects Fig. 13 Legend of the morphological maps illustrating the three sectors of the Hasandağ presented here combined with dates published since decades as well as in this paper, we propose (1) a relative stratigraphy of some event records, (2) a definition of these events on the basis of location, facies, stratigraphy and spatial mapping of pyroclastic deposits recording these events (Figs. 14, 17, 21) , and (3) a chronological chart of the volcanic activity that produced some of the landscapes in today's Hasandağ (Fig. 22 ).
Phase 1: from c. 700/650 ka to c. 400 ka
Several basaltic flows belong to this phase. Near Kitreli village, basalt flows dated from 654 ± 24 ka (near Mahmutlu village), to 543 ± 12 ka and to 523 ± 6 ka (this paper) near Kitreli village, form the basement of younger Strombolian cones (Fig. 2) . Between c. 550 and c. 450 ka ago, this basaltic activity overlaps with rhyolitic activity that produced several domes emplaced along the TGFZ (Fig. 20) . Meantime (c. 530 ± 50 ka to 447 ± 37 ka), rhyolitic domes emplaced near the Belbaşhanı Pass (all references in Table 1 ). While this rhyolitic activity is attributed to the Keçiboyduran volcano by Aydın et al. (2014) , Sönmez et al. (2018) do not confirm this attribution. In addition, earlier geological researches and dates published on the Keçiboyduran volcano (e.g. Türkecan et al. 2003; Türkecan 2015) suggest that this volcano is aged to Plio/Early Pleistocene.
Meantime, south of the KHD a basaltic activity overlaps the rhyolitic events at the Belbaşhanı Pass. In this part of the KHD, few scoria cones occur, that produced lava flows. One of them (Moğal cone) has been dated to 490 ± 47 ka (Aydin et al. 2014 ), while another one has been dated 246 ± 7 ka (this paper).
West and southwest of the BHD, volcanic activity seems to start later than in the east of the KHD. In this area, Aydar and Gourgaud (1998) identified an initial major eruptive sequence that produced two tongues of pyroclastic deposits (pumice flows and fall-outs: caldera no 2) heading NNE (along 8 km) and SSE (along 15 km) of the BHD (Fig. 9 in Aydar and Gourgaud 1998) . These correspond to the ignimbrite units at the base of the southern transect ( Fig. 14) and at the base of the western extremity of the northern transect (Fig. 19) . Bigazzi et al. (1993) have fission-track dated this ignimbrite 390 ± 5 ka east of Taşpınar village (Figs. 2, 19 ). The domes intruded into this formation are then younger than c. 390 ka (Fig. 22) . These domes, together with the dome coulées emplaced mid-slope of the volcano, belong to the series defined in the Meso-Hasandağ by Aydar and Gourgaud (1998) . Pastre et al. 1998 ). Our field observation on the thickness of the deposits and size of the clasts demonstrate clearly that the pumices deposited in the Belbaşhanı quarry are in a proximal situation (Fig. 6) . North of the Pass, these falls and ignimbrites are much thicker than at the Pass. Blanketing the northeastern slopes of the KHD and the western slopes of the Keçiboyduran volcano, these initial falls are today incised by Güvercin stream, while the ignimbritic flows invaded the paleo-Güvercin valley, turning NW in the Kitreli area in direction of Ihlara village (Fig. 16 ). Since then, the Güvercin stream has eroded both the initial falls and the flows substantially. Aydın et al. (2014) processed chemical analyses of the rhyolitic pumices covering the slopes of the Keçiboyduran (1st or 2nd series of pumice falls?), as well as of the rhyolitic lavas emplaced along the TGFZ in the northwestern slopes of this volcano. Analytical results from Aydın et al. (2014) are similar to those of the whole rocks (pumices) from the flows in our study (HAS 11/68 and 11/74 in Supplementary materials nos 2 and 3). However, concerning the pumices collected in the main Belbaşhanı quarry (K102P), results obtained by Aydın et al. (2014) are not comparable with our results, possibly because of the difference in analytical methods (whole rock analysed by ICP-MS vs electronic microprobe analyses of glass shards in our paper). Aydın et al. (2014) attribute all the rhyolitic material they analysed to the Keçiboyduran volcano without providing a support for this attribution (e.g. a stratigraphic evidence), or a precise description of the material analysed. Previous works Türkecan 2015) indicate that the Keçiboyduran is an andesitic volcano dated Pliocene and Early Pleistocene (1.5 Ma in Türkecan et al. 2003; Türkecan 2015) . Pointing to a similar conclusion Sönmez et al. (2018) (i.e. the same group as Aydın et al. 2014) have published a map fixing the western limit of the Keçiboyduran volcano to the eastern limit of the pumice outcrops at Belbaşhanı, thus attributed these pumices to the Hasandağ complex.
Phase 3: c. 230-120 ka
A huge avalanche follows the Meso-Hasandağ collapse. It may have resulted from the conjunction of magmatic (volcanic) and tectonic (Tuz Gölü Fault) forcing. This impressive deposit (called "Ihlara avalanche" by Pastre et al. 1998) mixes one to several meters long/wide blocks of a high variety of pyroclastics and lavas, invadingé most of the relief NE of the stratovolcano along a c. 16 to 18 km distance (Figs. 5, 17, 18) . The route of the avalanche parallels the eastern side of the preceding pumice flows in the Güvercin valley, ripping off blocks of the flow now also included in the avalanche (Figs. 5,  6e ). According to road sections, it seems to have flown across the Melendiz River canyon at Belisirma. Above this village, the avalanche outcrops on top of the canyon cliffs forming the left bank of the river, but not on the right bank. Part of the avalanche may thus have intruded the valley downstream (the Melendiz River flows north, like the avalanche). Today remains of the avalanche still cover the Miocene Kızılkaya ignimbrite roof west of the Ihlara canyon and northeast as far as between Selime and Alanyurt villages a few kilometres east of the Melendiz valley. This observation suggests that the flow had such a speed that part of it succeeded crossing the canyon in the surroundings of Belisirma. Morphologically, there is no Fig. 19 Correlation between sections studied along the northern transect of the Hasandağ, from W to E volcano remain at Belbaşhanı that would correspond to an edifice partly destroyed by an avalanche. We propose two possible explanations to this absence: (1) either remains of this volcano are buried below the lava piles constituting the KHD that rises above Belbaşhanı Pass (Figs. 14a, b, 15) ; or (2) as indicated by Francis (1993) , an avalanche may provoke the explosion of a volcano when an earthquake occurs at the same time, causing a pressure rise in the magma chamber.
As seen in Figs. 15, 16, 17 , the widely open landscapes of the pass separating the Keçiboyduran and the KHD as well as the large amount of pyroclastic deposited in this area, clearly result from a dense magmatic activity in the area. At Belbaşhanı, the avalanche is covered by a second series of Plinian pumice falls (Point 4 in Fig. 15 ) produced during the emplacement of domes dispersed today around a flat area of c. 2 km in diameter west of Belbaşhanı (Figs. 16c, 17 ). This caldera-like structure (a crater?) is now filled by a young trachy-andesitic flow emitted by the KHD (Fig. 19) .
North of the BHD, another avalanche has been identified (Figs. 8, 18, 19, 20) . The occurrence of this avalanche seems also to be related to an event partly controlled by the activity of the TGFZ (see sections at the eastern entrance to the Helvadere village). This relationship is clearly established both in the Helvadere village and in the Yuva village (Fig. 8 ).
The only time control for this avalanche is the stratigraphic correlations between sections at Yuva village and within the Karataş basaltic cluster. At Yuva, the avalanche is covered by the nuée ardente no 2 (Fig. 21) , itself fossilized by the 100 ka-dated Mahmutlu cone in the Karataş cluster. Whether this Helvadere avalanche belongs or succeeds to the Ihlara avalanche is not clear.
Phase 4: Late Pleistocene until the Holocene (< 120 ka)
In the KHD, basaltic, andesitic and dacitic lavas accumulated during the Late Pleistocene, forming today's terminal cone of this part of the volcano. Of these lavas, two provide the terminus ante-quem of the whole Belbaşhanı series (Figs. 15, 17) . At the Ihlara Yaylası NE of the Sarıgöl small tectonic depression, lava from Kılıç Tepe dacitic dome K/Ar dated to 84 ± 4 ka (this paper) fossilizes a lahar (Fig. 21a ) covering the Ihlara avalanche. In addition, east of the Kitreli Yaylası, the Hasangazi basaltic-andesite flow has been K/ Ar dated to 99 ± 4 ka (Table 1 ; Fig. 17 ). Meantime in the BHD, rhyolitic and basaltic emissions occurred simultaneously notably N and NW of the edifice. To the north, the Karataş basaltic cluster (Figs. 1a, 20) dated from 120 to 15 ka ± 5 ka, covers the Mid-Pleistocene basement of the BHD. Meanwhile and according to Aydar and Gourgaud (1998) , Pelean and Plinian-type eruptions produced pumice falls, lahars and nuées ardentes, whose extension is shaped by the morphology of the Mid-Pleistocene dome-coulées mid-slope ( Fig. 20) . Comparing the KHD and BHD cones, the surface morphology of the pyroclastic flows blanketing the BHD are better preserved, i.e. probably younger, than those covering the KHD upper slopes. The only date available in the literature, to which these deposits could be connected, is provided by basalts sampled near Karakapı village at the southern foot of the BHD (Figs. 1c, 20) . These basalts, dated to 80 ± 7 ka by Ercan et al. (1990) (no precise location available), are described by the authors as being covered by both effusive and explosive formations. If right, some of the nuées ardentes topping the summit of the BHD are younger than 80 ka. Coexistence and interference of volcanism and tectonism (Dhont et al. 1998 , Toprak et al. 1998 Kurcer and Gökten 2014) seems to have occurred north and east of the Hasandağ along the Tuz Gölü Fault Zone (TGFZ), especially when along the segments of the fault (1) at Helvadere and (2) north, east and south of Belbaşhanı Pass including when the fault separates the Hasandağ from the Keçiboyduran. For example, young tectonic activity is testified by the deformations affecting the Kılıç Tepe monogenetic volcano (dated c. 84 ka in this paper), which dominates both a depression on its southern side (Fig. 17) . The numerous faults deforming pyroclastic deposits at Belbaşhanı also evidence today's activity of the fault at this location. At Yuva as well as at Helvadere, the "second" avalanche is also much affected by recent activity of the TGFZ. This tectonic activity and its recent age are confirmed by Karabacak et al. (2017) who identify a fracture system that started in the volcano from 149 ± 2.5 ka on, intensifying until 83 ± 2.5 ka as a response to strain cycles of crustal deformation oriented NNE. According to these authors, an ENE trending fracture zone was active in the Büyük Hasandağ from 53 ± 3.5 to 4.7 ± 0.15 ka. These results suggest connections between fault and volcanic activities during the last 150 ka.
Several dates published these recent years evidence the activity of the BHD, not only during the Late Pleistocene but also during the Holocene up to the present time (Tables 1, 2 ; Supplementary material no 1). This activity consisted both of lava flows (mainly dacitic) associated with nuées ardentes which, surrounding now both peaks, are the cause for the conic and iconic shape of BHD from some viewpoints. This Early Holocene emission and eruption activity, together with as well as the presence of fumaroles in the volcano , suggest the dormancy of the volcano, which means a hazard risk. Indeed, the volcano is dangerous for the population and cities living within its vicinity, especially in the areas north to northwest of the volcano where the recent activity seems concentrated. As an initial response to the risk management, the MTA (General Directorate of Mineral Research and Exploration) is monitoring the Hasandağ volcano's possible magmatic activity (such as fumarole activity at the summit area and ground deformations by InSar data and gravity measurements) since 2015, while GPS studies were performed between 2017 and 2018 .
Conclusions
A review of the geologic literature about the edification and chronology of the Hasandağ volcano enlightens a recent and important production of news dates (including seven dates presented in this paper). Bringing dates together contributes to propose a chronological frame framing the history of the Hasandağ that enlightens the succession of phases of construction separated by the destruction of the Meso-Hasandağ and Neo-Hasandağ. In order to make the best use of these new dates, a stratigraphic (facies definition and contacts between units), tephrochronological (study of pyroclastic deposits), and geomorphological (identification of destruction and accumulation landforms, the role of erosion) have been collected. The results evidence a time and space evolution from east (the Küçük Hasandağ) westward (the Büyük Hasandağ), with a before and an after a series of important events that occurred in the eastern part of the Küçük Hasandağ. These events started with a phase lasting from ca 350 to 300 ka, that ended with the collapse of the Meso-Hasandağ volcano. The collapse phase was followed by a major event producing one or two avalanches which were very destructive upslope and rapid northwards. The magnitude of the impact on the landscapes north of today's volcano can be approached when looking both at the size of the constituting elements of the flow(s) and at the distance(s) reached (i.e. 16-18 km). The debris testifying for this/these event(s) flew northwards west of Ihlara, Belisirma and east of Selime (eastern tongue?), as well as from the Helvadere area north to the Yuva area and further north. Results also confirm that, (1) since Mid-Pleistocene the spatial distribution of the magmatic activity changed from the border of the 
